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NATTONAL, ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1675

TEMPERATURE GRADIENTS IN THE WING OF A HIGH-SPEED
ATRPTANE DURING DIVES FROM HIGH ALTITUDES

By Thorval Tendeland and Bernard A. Schlaff

SUMMARY

Flight tests were undertaken to investigate the temperature
gradients in the wing structure of a typical high—speed fighter
alrplane caused by rapld changes in surface temperatures. The tests
conslsted of meesuring the temperetures of the structure throughout
the wing during dives of the airplane from 35,000 to 5,000 feet, at
rates of vertical descent up to 225 feet per second. The data are
prosented in the form of tables of the msasured temperatures and
plots of the temperature change of typical parts of the wing struc—
ture during the dives.

The tests showed that temperature gradients which are produced
in an alrcraft structure as a result of sudden changes in surface
temperature are essentially a transient condition and, therefore,
are determined mainly by the relative size of adjacent structural
members, the thermal bond between these members, and the rate of
change of surface temperature. Predicted and measured temperature
differences between a spar cap and the adjacent skin in dives showed
good egreement, and it 1s belleved that the method used for
predicting temperature gradients may be applied to other airplanss
and dive conditions., Computations were mede to show the effects
of increases in (1) the rate of descent, and (2) structural mass
distribution (thermal capacity) on the temperature distribution for
dives at higher speeds. It was shown that a structural design
employing a thin wing skin attached to & heavy spar cap is conduclve
to severe temperature gradients.

Exploratory calculations were made of the stresses resulting
from temperature gradlents. In spite of the fact the prediction of
thermal stresses corresponding to observed temperature gradlents is
difficult and probably inaccurate at the present time because of the
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lack of informatlon on thermal stresses for typlcel alrcraft
congtruction, the calculations indicate that: (1) For airplanes
gimilar to the test alrplane, operated at approximatsly the test
conditiona, thermal stresses will be of minor importance; (2) the
increased structural sizee required for higher performence air—
planes will alleviate the thermal stress problem; and (3) the
importaence of the thermal stress problem depends upon the specific
case.

INTRODUCTION

With the advent of alrcraft capeble of flight in the transonic
and supersonic speed ranges, several new problems are added to the
fleld of structurasl design. One of these problems, which i1s the
subJect of thils investigation, 1s the determination of the magnituds
of thermsal stresses which coccur as a result of temperature gradients
in the airplane structure. These temperature variations in the
structure are the result of subjecting the outer surface of the
alrplane to rapidly changing temperature condltions which accompany
dives from high altitudes, or by changes in the emount of friction
heating produced by large changes in speed.

Both an increase in airplane speed and an Increasge in amblent—
air temperature tend to raise the temperature of the boundary-layer
alr. The outer surfaces of the fuselage and the wing cen be expected
to react quickly to this change in temperature, since both the
fuselage and the wing represent bodles of limited heat capaclties
with large surface areas in intimate contact with the boundary—
layer air, In the case of the ribs and spars, however, it is
obvious that the reaction to a change in boundary-layer temperature
would be more sluggish, with the result that transient temperature
gradients 1n the structure would exist for a. short periocd of tims,
Since these temperature gradients are of & transient nature, the
megnituds of the temperature differences will be determined by both
the rate of change of the boundary-layer temperature and the over-all
ochange in temperature of the boundary~layer air. Of. the two condi-
tlons, the rate of change of the boundary-layer temperature can be
expocted to have as great, if not greater, influence on the
magnitude of the temperature gradients.

Although 1t is readily evident why end how theme temperature
gradlents can occur, the problem is to determine the conditlons
under which these gredients willl reach sufficient magnitude to
produce thermal sitresses requiring consideration in the structural
dosign. The purpose of this investigetion was to measure the
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magnlitude of the thermal gradients in the wing of a typical high—
speed fighter ailrplane during dives and to provide a basis for the
prediction of the gradients to be anticipated in aircraft of higher
performance. '

Msthods for calculating the temperature rise of a surface in
high—speed f£light are presented in references 1 and 2. These
rrocedures are not directly applicable to present day aircraft
gtructures unless some reasonable assumption can be made for the
flow of heat 1nto the interior of the structure.

Correlation between observed or estimated temperaturs gradients
and the resultant thermal stresses is very difficult because of the
limited test data available on the subject and because of the fact
that the intricacies of an aircraft structure are not readily
amenable to the analytic approach. Flight mesasurements of thermal
stresses in & wing caused by operation of a thermal ice—prevention
system are presented in reference 3. The results of reference 3
have been used in this report to predict the pattern of the thermal
stresses which would be induced in the wing during a dive.

The flight tests were conducted et the Ames Aeronautical
Laboratory, Moffett Fleld, Calif.

DESCRIPTION OF EQUIPMENT

The alrplane used to conduct the tests is shown in figure 1.
A sketch of the wing construction is shown in flgure 2. The wing
1s of all-metal stressed-skin construction with the main spars
located at 20 percent and 52 percent of the wing chord. An
auxlllary spasr 1s located at T5 percent of the wing chord. The
skin 1s heevily relinforced between the two maln spers with extruded
T and H sections on the upper surface and with angle sections on
the lower surface. Aft of the 52-percent—chord main spar, and on
the nose section, the skin 1s stiffened in a chordwise direction
with corrugated sheets.

To 1nvestligate the temperature leg of the structure adjacent
to large masses of cold fuel, an integral fuel tank was built into
the right wing of the alrplane. The fuel tank was bounded by the
20-percent and the 52-percent spars, the upper and lower surfaces
of thghwing, and by specially installed solid ribs at stations 141
end 164,
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DISCUSSION
Temperature Gradlients

. The temperatures of representative components of the wing

structure during the dives are shown 1n figures 5 to 9. Figure 10
presents the chordwise distribution of the surface temperature at
the termination of the three dives. The data for these flgures
were taken from teble I. Curves of stagnation temperature (free—.
air temperature plus full kinetic temperature rise) have been added
to figures 5 to 9 for comparative purposes.

The curves of figures 5 to 9 indicate that, in general, the
time at which the meximum temperature difference occurred wasg
during the pull-out from the dives or shortly thereafter. As a
result of this condition,it is evident that the induced thermal
stresses would be a meximum when the stresses from aerodynamlc
loads would be large. As might be expected, since temperature
gradients 1n the structure are a result of thermal lag, the curves
show the temperature differences. to be & function of two factors:
namely (1) the rate of descent of the alrplane, which is the primary
factor controlling the rapidity of the temperature changes imposed
on the airplane surfaces; and (2).the distribution of mass in the
structure, which results in differences in thermal capaclty of
adJjacent parts.

The influence of the rate of descent on the structural tempers—
ture differences is lndicated by the observed maximum temperature
differences between the lower flange of an H sectlion and ths skin,
as shown in figure 6. This figure shows that for average rates of
vertical descent of T3, 150, and 225 feet per second, during which
an over-ell anmbient temperature change of approximately 125° F was
imposed on the airplane in 6.8, 3.3, and 2.2 minutes, respectively,
the resulting maximum temperature differences were 20°, 25°, and
37° ¥, respectively. From a consideration of the extremes, it is
evident that tripling the rate of vertlocel descent almost doubled
the temperature difference. As shown 1n filgure 4; the kinetic
heating, as represented by the difference between the ambient-air
temperature and stagnation temperature, was of minor Iimportence in
comparison with the change in the amblent—ailr temperature. The maximum
kinetic temperature rises were of the order of 35° to 40O F, as
compared to the 125° F temperature change resulting from change of
altitude.

The effect of mess distribution (variation of thermal capacity)
on the temperature gradilents can be observed by a sbtudy of filgures
5 to 10, which present the followling combinations:
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Iayers of paint on the surface of a high—speed alrplane or
migsile have been shown to have an appreciable effect on the rate
at which the temperature of the surface under the paint approaches
the tomperature of the boundary-layer air. To investigate this
effect, a layer of paint approximately 0.046 inch thick was applied
to the left—wing surface at station 112. Thils heavy coat of paint
gimulates a filler whilch might be used on future high—speed aircraft
to obtain surface smoothness.

The locations of the thermocouples throughout the wing structure
are shown In figure 3. Selection of the thermocouple locations was
based on anticipated temperature differences occurring as a result
of lag in heat flow across the main structural members and as &
result of differences in masses of adJjacent components of the
structure. The thermocouples used to measure skin temperatures
were strip-type iron-constantan thermocouples rolled to & thlckmess
of approximately 0.002 inch. These thermocouples were cemented to
the skin and then sprayed with a thin layer of paint to obtain a
smooth surface. In the cagse of the thick layer of paint on the
left wing at station 112, a thermocouple was installed on esach side
of the paint layer (fig. 3(e)} ). For the internal structure of the
wing, strip and rivet-type thermocouples were used. The rivet
thermocouples were lmbedded in structursal rivets.

All temperature readings of the structure were recorded with
two self-balancing potenticmsters. Standsrd NACA instruments were
uged to measure alrspeed, free—air temperature, and altitudse.

PRECISION OF MEASUREMENTS

An exact determination of the over-—all accuracy of the tempera—
ture measurements was not possible, due to the effect of lag in the
thermocouple response when measguring rapidly changing temperatures.
However, this effect is belleved to be small. Of the most interest
are the temperature differences between two or more components of
the structure as recorded at a given tims. The effects of lag in
determining the temperature differences would be of minor importance,
gince each temperature msasurement would lag approximately the same
amount, Valldity of indication of the two types of thermoccouples
was checked by installing both types of thermocouples at approxi—
mately the same location on the skin. Both types of thermocouples
indicated temperatures within 1° F of each other throughout the
dive tests. The accuracy of the indication of the potentiometers
was checked during the dive tests by recording e known reference
temperature. Thls error -was found not to excesd +2° T,
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Amblent—elr temperatures were evaluated from date taken at
intervals of level flight during the ascent of—the alrplense, This
was necessary because of an apprecilable leg in the Installstion to
measure free-air temperature during the dives. The carrectlions to
the free—salr-temperature measurements for kinetic heating were
evaeluated from a flight celibration of the free—air—temperature
installation. The values presented for ambient-air t.emperature are
eatimated to be a.ccura.te to £4° F.

The airspeed measurements were corrected from a flight
calibration of the airspeed installation. The airspeed date are
considered esccurate to x£1-1/2 percent.

TEST PROCEDURE AND RESULTS

For each dive test, the airplane was climbed to 35,000 feet
pressure altituds, with readings of ambient—eir temperature being
recorded by the pillot at intervals of 5,000 feet. At 35,000 feet
the alrplene wes crulsed at an indicated airspeed of about 150 mlles
per hour for 15 minutes to allow the structure to achleve an equi-
librium temperature. The pllot then started the recording instru—
ments and dlved the airplane to a pressure altitude of 5,000 feet.
During each dlve, an attempt was made to hold the rate of vertical
descent approximstely comstant throughout the dive,

Time histories of true alrspeed, altituds,and free—alr
temperature during four representative dives are shown in figure L.
The free—air—temperature dete presented are corrected for kinetic
heating.

The temperaturee of the structure as measured during the four
dives of filgure U4 are presented in table I. A different value of
time must be presented for each temperature because the recording
instrument selected the thermocouples 1n rotation. The letters
preceding the thermocouple numbers in table I correspond to the type
of thermocouple as designated in figure 3. The discontinuities In
the numbering system in table I are the result of omltting thermo—
couples which feiled during the tests and of omltting thermocouples,
the locations of which were not considered of sufficlent importance
to include in the report. The data as presented in table I during
flight 4 include only temperatures as measwred for the fuel and the
structure surrounding the fuel. These data were included because
this was the only flight for vwhich temperatures were obtained for
the fuel at the center of the fuel tank.
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1. Skin and stiffener (fig. 5)

2. ©Skin eand former (fig. 6)

3. Across a rid (fig. 7)

L. Spar cep and spar web (fig. 8)

5. Fuel and structure of fuel tanks (fig. 9)
6. Skin and spar cap (fig. 10)

On the btest alrplane, the masximum—tempereature differences
occurred between the skin and the spar caps (fig. 10). The dips in
the curves at the spar locations indicate clearly the thermsal lag
agsoclated with surface areas connected to large masses. The curves
for thermocouples Sl and M2 in figure 8 show that the rates of
temperature rise of the inner and outer surfaces of the spar cap at
the 20-percent chord are almost 1dentical, indicating good heat
transfer from the surfaces. Because of the mass of the spar caps,
however, the temperature lags behind that of the adjacent skin
by some 30° to 40°, as shown in .figure 10. '

The mass distribution causing the second largest temperature
differences in the wing was that assoclated with the large masses
of fuel in the wing. As may be noted from figure 9, the tempera-
ture of the fuel during the dive increased only slightly, while
the temperature of the skin rose rapldly and the temperature of the
stringer immersed in the fuel assumed an intermediate position.
Some indication of the effect of the presence of the cold fuel on
the temperature dlfference between the skin and the stringer can be
obtained by a comparlison of the data in figure 9 with those for a
similar structural configuration and dive without the presence of
fuel (fig. 5(b) ) . The temperature difference between the skin and
the stringer at the end of the dive is seen to be about 10° F without
fuel and 20° F with fuel. The fuel would have had even greater
influence on the temperature difference between the skin and the
stringer had tims been allowed before the dive for the fuel tempera—
ture, which was about 20° F at the stert of the dive, to approach
more closely the ambient-eir temperature of —60° F.

A factor which would have a modifying Iinfluence on the
temperature differences as previously dilscussed, 1s the lnsulating
properties of a relatively thick layer of paint. The magnitude of
thils factor 1s indicated in Tigure 11 by the difference between the
skin temperature and surface temperature when the surface is coated

with such a layer of paint. The temperature difference was found
to be approximastely 20° F at the termination of the dive at the
highest rate of vertical descent. It 1s of interest to note that
the lnsulating actlon of the paint was sufficient to produce a
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greater temperature drop through the paint than exlsted between
the skin and the adJjacent stringer. This fact would suggest that,
for the transient condition, both thermal stresses and undesirable
high surface temperatures can be alleviated by the use of paint.

In an attempt to arrive at soms means of generalizing the
foregolng results, a comparison has been made of the experlimental
temperature dilfferences between the spar cap and the adjacent skin
and the computed differences based upon simplifying assumptions,
The skin and sper—cep region selected for the comparison was the
upper surface of the right wing at 20 percent of the wing chard,
station 76 (fig. 3(a) ). A sketch of the skin and spar cap is shown
in figure 12. The calculation procedure employed was to set up
equations which represented the heat flow for the spar cap and the
ad jacent skin for any time increment, and then to solve the egqua—
tlons by & step—by-step solution from the stert to the end of the
dive. The equations and the assumptlions lnvolved in thelr solution
are discussed in the appendix of this report.

The calculated skin and spar-—cap temperastures for flights 1, 2,
and 3 are compared with the observed values in figure 13. At the
termination of the dives, the calculated temperatures are somewhat
hlgher than the measured temperatures, but of most interest ls the
temperature difference between the skin and the spar cap. The
calculated temperature differences between the skin and the spar
cap at the end of the dives At , in figure 13, are 1ln good agres—
ment wlith the measured temperature differences, and the msthod
provides a means for predicting the temperature differences to be
anticipated for arrangements and dives beyond the scope of the
present testa.

To obtain an indication of the effects of increases in the rate
of descent and also changes in the mass of the structure on the
temperature gradients, calculations have been made for three differ—
ent gize skin and gpar—cap combinations for a rate of vertical
descent range from 200 to 1100 feet per second. One of the three
desligns selected corresponded to the test airplane sper—cap and
skin cambination previously analyzed (figs. 12 and 13) and the
remalning two designs were simllar but larger to correspond to the
probable sizes required for strength at higher diving speeds. For
rates of vertical descent in which the speed of the airplane would
be in the transonic and supersonlc regions, the airfoll sectlon was
assumed to be dlamond shaped with a wedge angle at the leading edge
of 8°, The location of the spar cap with respect to the leadlng edge
was assumed to be the seme as thet on the wing of the test alrplane.
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The calculated tempsrature differsnces for the three skin and
spar—cap arrangements are presented In figure 14 for dives from
35,000 feet to 5,000 feset. An examination of flgure 1k indicates
that,at high rates of vertical descent, & skin and spar—cep
combination such as that on the test airplsne (curve A) would
experience an appreciable temperaturs difference. However, 1f both
the skin and the spar cap are increased in mass, & reduction in
temperature difference results. Tales effect is indicated by curves
B and C. The reduction in tempsrature difference is due to the
increased heat capacity of the thicker skin and also to the lncreased
cross—sectional area of ths skin available for heat flow. Thus, it
18 seen that the increased structural mass reguired for strength at
the higher diving speeds tends to compensate for the increased rate
of boundary—layer temperature rise resulting from asrodynamlc heating
and change of altitude. Whether or not this compensation wlll bs
adequate to eliminate entirsly the problem of thermal stresses
depends upon the particular airplane and the conditions of the dive.
The method of calculation presented in this report provides a simple
means for computing, at least for the singles case of a skin and spar—
cap combination, the approximate magnitude of the temperature differ—
ences to be expected.

Of considerable interest with regerd to the curves,shown 1n
figure 1L, would be comparisons between the predicted values and
actual test data for the various skin and spar-cap combinatlons.
One possibility for obtaining such test data and also as a
suggestion for fubture research would be to heat the surfaces of &a
typical structural arrangement by means of heating pads or lamps.
The amount of heat applied to the surface could be varlied to cobtain
rates of changes of the surface temperature similar to those
encountered in flight. Temperature gradients throughout the
structure could then be readily measured. This test procedure has
an advantage over the analytical approach because it eliminates the
uncertainty associated with the assumption of a perfect thermal bond
between the components of the structure. .

Thermel Stresses

The evaluation of the actual thermal stresses induced 1In a wing
structure as a result of temperature gradients is a difficult problem.

This is partlally due to the fact that a wing structure i1s not a
rigid body and, consequently, some movement between the structural
components may occur and thus relieve some of the thermal stresses.
However, an indication of the thermul stresses induced in the wing
of the test airplane was obtained by comparing the temperature
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gradiente found in this investigation with the temperature gradients
and resultent thermael stresses observed in reference 3., In this
investigation, heated air was supplied to the leading edge of the
wing of & large twin—englne transport airplans and the temperatures
and stresses of the wlng were measured at various positions on the
chord at two wing statlons. As & result of the relatively warm
leading edge tending to expand, compression stresses were induced
in this portion of the wing, while btension restraining forces were
generated lmmedlately aft of the leading-edge heated region.

As may be noted in figure 10, the skln panels at the leading
odge and between the two meln spars were relatlively warm as compared
to the two main spars. Therefore, on the basils of the stress pattern
found in reference 3, 1t seems reasonable to conclude that, consider—
ing only the thermal stresses, the skin panels would be in spanwise
compression, while the spars would be in spanwise tension. A first
approximation of the compression stress in the skin can be made by
agsuming the skin area Sg to be completely restrained. from expansion
by the spar cap and the rest—of the wing structure. (See sketch of
the skin and spar-—cap Junction in fig. 12.) If 1t is assumed there
is no buckling action, the compression stress in the skin for
camplete restraint fs. can be readily calculated for any observed
temperature difference between the skin end the spar cap. In tle
actual case, the value of fg,, would be reduced by the fact that
the spar cap would elongate somewhet. For the purpose of this
report, the assumption was mads that the actual stress in the skin
fg and the spar cap fe would be related to the completely restrained
skin stress fg,, as follows:

P YeTsg
8 - Jec S
and.
fcz:y_sfs
Je °F

where Jyg and jy,; are the thickness of the skin and spar cap,
respectlvely, as shown in figure 12.
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Based on the foregoing assumptions, the calculated stresses in
the spar cap and the adjacent skin, at wing station 76 of the test
airplane, are presented in figure 15. The computed stresses, as
shown by the data points in figure 15, were calculated from the
temperature difference between the skin and the spar cap as found
at the termination of the dive in flight 1. The tension stresses
are the stresses in the spar cap and the compression stresses are
the stresses in the skin. The basis for fairing the stress curve
in Pigure 15 was the pattern of the thermal stresses which was found
to occur in the heated wing in reference 3. The chordwise tsmpere—
ture distribution curve upon which the computetions are based and
which is shown in figure 15 is the same as the curve shown in
figure 10 for f£light 1, with the exception of the spar-cap tempera—
tures. The spar—cap temperatures, which are lndicated by the dips
in the curve, are the average temperatures between the upper and
lower surfaces of the spar caps.

As shown in figure 15, the maximum compression stress in the
skin 1s seen to be of the order of 6,000 pounds per square inch,
and occurs at the rear spar cap. For the test alrplane, a
compression stress in the skin of this magnitude 1s not considered
critical. In future alrcraft, the 1nduced thermal stresses may
merit careful consideretion, depending upon the flight conditions
and the design of the wing structure.

CONCLUSIORS

Based upon a conslderation of observed temperature gradients
which occurred in the wing of a high-speed fighter airplane during
dives from 35,000 feet to 5,000 feet, 1t is concluded:

l., Temperature gradients which are produced ln an aircraft
gtructure as a result of sudden changes in the surface tempersatures
are essentially a transient condition, and as such are destermined
meinly by the relative size (thermal capacity) of adJjacent structural
members and the rate of change of surface tempsrature. The thermal
bond between adjacent structural members would be an influencing
factor,

2., For alrplesnes similar to the test alrplane and subJected
to dives of the sams order of rate of vertical descent, the tempera—
ture gradients and thermal gtresses will be appreciable but of
secondary importance asg compared to stresses due to aerodynamic
loads. '

11
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3. For structural asrrengements and flight conditions beyond
the scope of these tests, the seriousness of the thermal stress
problem will be dependent upon the specific airplane and operational
conditions. Exploratory calculations indicate that the increased
structural sizes required at increased diving speeds, will greatly
alleviats the temperature gradlent problem.

: 4, The order of magnitude of the temperature gradients between
adjacent components of the structure can be calculated, provided a
reasonable assumption of the degree of thermsl bond between the
components can be made, In the present analysis, the assumption of
perfect thermal bond provided good agreement‘between calculated

and observed values.

5. The evaluation of the thermal stresses generated in an
aircraft structure by the existence of thermal gradients is
difficult and probably inaccurate at the present tims. The
recommendation ip made that further date be obtained to enable &
more complete evaluetion of thermal stresses. )

Ames Aeronasutical Laboratory,
National Advisory Commlttee for Aeronautics,
Moffett Fleld, Calif.

APPENDIX

The method used to determine the ekin and spar—cap temperatures
was bto establish & heat balance for a unit spanwlise length of the
spar cep and a unit spanwise length of-the skin adjacent to the
spar cap. The equations determined in this manner were then solved
simultaneously for short intervels of time in a step-by—step manmner
throughout the dive for the skin and spar—cap temperatures. A
sketch of the skin and spar cap is shown in figure 12 1n order to
asslst in interpreting the equations for the heat flow to the skin
and the spar cap. The equation used for heat flow to the spar cap

was

2TKA (teg—tes)

- = We op (toy—tc,) (A1)

ThSc (ta—tc,) +

and. for the skin —
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1

- ThSg (ta—tgy) — = Wg cp (tgy—ts;) (a2)

The symbole and subscripts used in equations (Al) end (A2)
and the symbols shown in figure 12 are defined as follows:
A cross—sectional area of the skin for heat flow, square feet
cp specific heat, Btu per pound, OF
h surface heat—transfer coefficient, Btu per hour, square foot, COF

k “thermal conductivity of aluminum, Btu per hour, square foot, Op
per foot

1 distance for heat flow between skin and spar cap, feet
S heat—transfer surface area, square feet

t temperature, OF

W welght of materisl, pounds

T intervael of time, hours

Subscripts

a refers to alr

c refers to spar cap
8 refers to the skin

1,2 the beginning and the end of time interval T

Equations (Al) and (A2) do not teke into consideration heat
transferred by rediation, since it would be small at these surface
terperatures and altitudes; also the heat transferred by convectlon
to the alr inside the wing was assumed negligible. The egquation
uged for the determination of the surface heat—transfer coefficient
was that given in reference 4 for turbulent flow. The use of &a
surface heat—transfer coefficlent for turbulent flow was based on
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the local Reynolds number at the spar—cep locatlion which varied
from approximately 1,500,000 to 6,000,000 throughout the dives.

The area of the spar cap Sg used in equation (Al)} wes the
surface area of a 1-fool length of the spar cap. The area of the
gkin Sg used in equation (A2) was based on a l-foot length of the
gkin and on a width which was conaldered as representative of thet
portion of the skin which transferred heat to the spar cap, namely,
between the sper cap and the adjacent etiffener. The distance for
heat flow 1 between the skin and the spar cap in both equations
(A1) and (A2) was taken as the distance between the spar cap and
the center of the surface area of the skin, Since the spar cap
recelved heat from the skin on either slde, the total heat
transferred to the spar cap was assumed twlce that transferred
from the skin on one side of the spar cap. The temperature of the
ailr 4t i1n equations (A1) and (A2) is the temperature of the air
in the boundary layer. The boundary—layer temperature was considered
to be the ambient-air temperature plus the temperature risq as occurs
in the boundary layer due to the dissipatlon of kinetic energy into
heat energy. The btemperature rise due to the dlssipatlion of kinetic
energy was assumed to be 0.9 of the full adlabatic temperature rise.
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Figure l.— High-speed fighter alrplane used for thermal stress dlve testas.
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(b) Thermocouples 24 to 26 at station 126 in right wing.

Figure 3.— Conlinued.
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(d) Thermocouples 30 to 34 af integral fuel tank station 153 in right wing.

Figure 3.- Continued.
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(8) Thermocouples 35 to 37 at station 112 in left wing.

Figure 3.- Conlinugd.
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(f) Thermccouples 42 to 44 at station 77.4 in right wing.

Figure 3. Concluded.
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(a) Flight I, average rate of vertical descent 225 ftlsec

Figure 4.— Time histories of airspeed, altitude and ambient-air temperature dur-
ing the dives from 35,000 feet to 5,000 feet pressure altituds.
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(b) Flight 2, average rate of vertical descent 150 ft/sec

Figure 4~ Continued.
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Figure 5.- Gontinued.
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Figure 5.- Concluded.
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Figure 7.— Temperature differences across a rib at station 126 in right wing.
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Figure 7.— Concluded.
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